Surrounding species diversity improves subtropical seedlings’ carbon dynamics by Salmon, Yann et al.
Ecology and Evolution. 2018;8:7055–7067.	 	 	 | 	7055www.ecolevol.org
 
Received:	3	August	2017  |  Revised:	31	January	2018  |  Accepted:	6	May	2018
DOI: 10.1002/ece3.4225
O R I G I N A L  R E S E A R C H
Surrounding species diversity improves subtropical seedlings’ 
carbon dynamics










































ecosystems.	However,	 the	underlying	 ecophysiological	mechanisms	 remain	poorly	
understood.	We	investigated	the	effects	of	surrounding	species	richness	(monocul-
ture,	 two-	 and	 four-	species	 mixtures)	 on	 the	 ecophysiology	 of	 Lithocarpus glaber 
seedlings	in	experimental	plots	in	subtropical	China.	A	natural	rain	event	isotopically	
labelled	both	 the	water	uptaken	by	 the	L. glaber	 seedlings	 and	 the	 carbon	 in	new	
photoassimilates	through	changes	of	photosynthetic	discrimination.	We	followed	the	







monoculture.	 Furthermore,	 leaf-	water	 18O	 enrichment	 above	 the	 xylem	 water	 in	
L. glaber	increased	after	the	rain	in	lower	diversity	plots	suggesting	a	lower	ability	to	
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effects	 of	 biodiversity	 in	 forest	 ecosystems	 have	 only	 started	




resent	 (Pan	 et	al.,	 2011).	 This	 lack	 of	 knowledge	 leaves	 us	 with	
a	 limited	 understanding	 of	 the	 true	 extent	 of	 local	 biodiversity	
effects	on	ecosystem	 functioning	and	 its	 role	 in	 carbon	 seques-
tration,	 especially	 in	highly	productive	 regions	 such	as	 the	 trop-
ics	 and	 subtropics,	which	 account	 for	 a	 large—albeit	 threatened	
(Brienen	 et	al.,	 2015)—	 fraction	 of	 the	 terrestrial	 C	 sink	 (Bonan,	
2008;	Phillips	&	Lewis,	2014).
Hence,	 given	 that	 primary	 productivity	 reflects	 the	 balance	
between	 photosynthetic	 C	 assimilation	 and	 respiratory	 C	 loss	
and	 is	 a	 result	 of	 the	 allocation	 of	 recently	 assimilated	C	within	
the	 plant–soil	 continuum,	 the	 positive	 effects	 of	 plant	 diversity	
on	 primary	 productivity	 and	 biomass	 accumulation	 in	 ecosys-
tems	 should	 result	 from	 changes	 of	 these	 three	 physiological	
processes—namely,	 assimilation,	 respiration	 and	 C	 allocation—at	
the	 ecosystem	 level.	 Furthermore,	 these	 processes	 are	 of	 vital	
importance	for	the	dynamics	of	C	pools	in	terrestrial	ecosystems	
(Kuzyakov	&	Gavrichkova,	 2010).	 Understanding	 their	 control	 is	
crucial	to	model	and	estimate	C	budgets	in	terrestrial	ecosystems	
under	changing	environmental	conditions	 (Litton,	Raich,	&	Ryan,	






assimilation	at	 the	community	 level	 (De	Boeck	et	al.,	2007)	 con-
firming	the	 importance	of	physiological	adaptations	of	 individual	
plants	 to	 their	 surrounding	diversity	 as	 component	 of	 the	biotic	
environment.

















potential	adjustments	of	phloem-	C	 transport	 in	 response	 to	biotic	
and	abiotic	environmental	variation	should	be	studied.
Stable	 isotopes	 have	 become	 a	 widely-	used	 tool	 to	 trace	 C	
fluxes	 through	ecosystems	 and	gain	 information	 about	 the	under-
lying	physiological	processes	controlling	these	fluxes	(Brüggemann	
et	al.,	 2011;	 Dawson,	Mambelli,	 Plamboeck,	 Templer,	 &	 Tu,	 2002;	
Epron	 et	al.,	 2012).	 The	 isotope	 signature	 (δ13C)	 of	 newly	 assimi-
lated	C	by	a	plant	leaf	is	affected	by	photosynthetic	discrimination	
(∆i)	 resulting	 from	the	physiological	 response	of	 the	plant	 leaf	 (re-
garding	C	assimilation	and	water	 loss)	to	environmental	conditions	
(Farquhar,	 Ehleringer,	 &	 Hubick,	 1989).	 Thus,	 newly	 assimilated	 C	
can	be	traced	in	the	plant–soil–atmosphere	continuum.	This	method	
has	 often	 been	 used	 to	 understand	 the	 impact	 of	 environmental	
variables	on	 the	C	cycle	 (see	 reviews	by	Brüggemann	et	al.,	2011;	
Kuzyakov	&	Gavrichkova,	2010;	Mencuccini	&	Hölttä,	2010),	even	
though	recent	studies	have	highlighted	the	need	to	deal	with	con-

































species	 richness	of	 the	model	 communities	 could	positively	affect	
short-	term	C	and	water	fluxes	in	the	target	species	due	to	reduced	




2  | MATERIAL S AND METHODS
2.1 | Study site and experimental design




from	May	 to	 July	 and	 a	 cool-	dry	 season	 from	October	 to	March	
(Scholten	et	al.,	2017).	Soils	in	the	region	are	mainly	Cambisols	with	
Acrisols	and	Ferrasols	 in	 the	 lower	 regions	 (Lang	et	al.,	2014).	The	




as	 described	by	 Lang	et	al.	 (2014)	 and	was	used	 as	 a	 pilot	 experi-






divided	 into	1-	m2	 sized	plots	 separated	by	20	cm	deep	and	75	cm	





in	monoculture,	 two-	species	mixtures	of	L. glaber with Castanopsis 
sclerophylla	(Lindl.	&	Paxton)	Schottky,	Cyclobalanopsis myrsinaefolia 
Blume	or	Sapindus mukorossi	Gaertn	and	finally	the	mixture	of	these	
four	species,	 leading	 to	a	 total	of	 five	species	compositions	of	ex-
perimental	communities.	Each	of	the	five	species	compositions	was	







that	 is,	 standardized	 plant	material	 (same	 species,	 age	 and	 size	 of	
individuals),	 in	our	experiment.	Using	such	a	phytometer	we	could	
exclude	ontogenetic	 or	 species-	specific	 variation	 in	measured	 iso-








species	mixtures.	For	 the	 two-	species	mixtures,	all	 species	combi-
nations	were	 sampled.	 Plants	were	 too	 small	 to	 shade	 each	other	






2014),	 about	 2	km	 from	 the	 present	 experiment.	 Meteorological	
data	were	recorded	continuously	on	an	ecoTech	enviLog	Datalogger	
(EcoTech),	 equipped	 with	 Vaisala	 Weather	 Transmitter	 WXT520	
(Vaisala	Oyj,	Helsinki,	Finland),	precipitation	gauge	2153/3	(Ecotech),	
Silicon	Pyranometer	SP	Lite2	(Kipp	&	Zonen,	Delft,	The	Netherlands),	




2.4 | Ecophysiological and CO2 efflux 
measurements
The	following	ecophysiological	variables	(see	Table	1	for	the	list	of	
measured	 variables)	 were	 measured	 on	 fully	 expanded	 leaves	 of	
three	plants	of	the	phytometer	species	in	three	plots	(i.e.,	one	plant	
per	plot)	per	diversity	level	(monoculture,	two-	species	mixture	and	
four-	species	mixture)	 and	 for	 all	 three	 different	 species	 composi-
tions	of	diversity	level	2	(i.e.,	L. glaber with either C. sclerophylla,	or	
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11	a.m.	and	between	3	p.m.	and	6	p.m.	(thus	minimizing	differences	
due	to	measurements	time,	for	example,	the	midday	photosynthetic	
depression):	 transpiration	 rate	 (E),	 stomatal	 conductance	of	 leaves	
to	H2O	(gs),	CO2	assimilation	rate	(A).	Due	to	the	impossibility	to	ac-
cess	the	site	at	night	time,	a	proxy	for	leaf	dark	respiration	rate	(rdark)	




for	 isotope	 measurements	 (see	 below).	 Five	 measurements	 were	





tion	 and	 relative	 humidity	 (RH)	 in	 the	 Li-	6400	 cuvette	were	 used	
during	 gas-	exchange	 measurements	 and	 remained	 mostly	 stable	




















2.5 | Plant and soil sample collection for 
isotopic analysis




of	 the	mixed	 samples	was	 taken	 for	 isotopic	 analysis	 (see	 below).	
A	 second	 soil	 core	 (5	cm	diameter,	 10	cm	deep)	was	 taken	 for	mi-
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phytometers	stem.	Roots	of	the	phytometer	plants	were	separated	
from	a	third	soil	core	by	wet	sieving.	However,	the	amount	of	root	
biomass	available	proved	 too	 small	 for	 isotopic	 analyses.	 Leaf	 and	















2.6 | CO2 sample for isotopic analyses
C-	isotopic	signatures	of	CO2	respired	by	leaves	and	soil	CO2	efflux	
were	calculated	using	a	Keeling	plot	approach.	Briefly,	this	is	a	two	
end-	member	mixing	model	 between	 the	CO2	 emitted	by	 a	 source	
and	background	atmospheric	CO2,	with	which	the	isotopic	signature	
of	 the	source	can	be	determined	 (Keeling,	1958).	The	Keeling-	plot	
approach	 relies	 on	 the	 assumption	 that	 only	 two	 components	 are	






























































For	C-	isotopic	 signatures	of	 soil	CO2	 efflux	measurements	 the	













2.7 | Water sample for isotopic analyses
Leaves	 sampled	 for	 water-	18O	 analyses	 were	 transferred	 in	 glass	
tubes	and	immediately	frozen	in	liquid	N2.	Bark	was	removed	from	
twigs	 sampled	 for	 xylem-	18O	 analyses,	 then	 promptly	 transferred	
in	 glass	 tubes	 and	 immediately	 frozen	 in	 liquid	N2.	Water	was	 ex-
tracted	from	the	leaves	and	twigs	by	cryogenic	vacuum	distillation	




















Belemnite	 (VPDB)	 international	 standard.	 This	 difference	 is	 ex-
pressed	in	per	mil	and	defined	as:	
For	clarity,	we	use	the	following	notation	depending	on	whether	
the	product	 is	 (a)	 the	bulk	δ13C	value	of	 a	 given	plant	part	 (δ13Cp: 
δ13Cleaf,	 δ
13Cphloem);	 or	 (b)	 the	 δ





for	 the	C	 source	 fuelling	 the	 respiration	were	 also	 calculated	 (see	
Supporting	Information	Appendices	S1	and	S2).
2.9 | O- isotopes measurements
δ18O	 values	 in	 xylem	 sap	 (δ18Oxylem-water),	 and	 leaf	 water	 
(δ18Oleaf-water)	samples	were	measured	using	a	TC/EA	(high	temper-
ature	 conversion/elemental	 analyser,	 ThermoFinnigan,	 Bremen,	
Germany)	coupled	with	a	DeltaPlus	XP	mass	spectrometer	accord-
ing	 to	Gehre,	Geilmann,	Richter,	Werner,	 and	Brand	 (2004).	 The	










C-	isotope	 discrimination	 during	 photosynthesis	 was	 derived	 from	
nonisotopic	gas-	exchange	measurements.	First,	based	on	the	widely	
accepted	 simplified	 model	 developed	 by	 Farquhar,	 O’Leary,	 and	
Berry	 (1982)	 and	 further	 referred	 to	as	derived	photosynthetic	C-	
isotope	discrimination	(Δi):	






and	 some	PEP-	carboxylase	 fixation,	 leading	 to	 an	estimated	value	
for	b	of	27‰	in	ecological	studies	(Farquhar	&	Richards,	1984;	Lloyd	
&	Farquhar,	1994).
Additionally,	 C-	isotope	 discrimination	 during	 photosynthesis	
was	also	derived	based	on	the	extended	model	including	the	effect	
of	mesophyll	 conductance	 (gm)	 and	 photorespiration	 as	 two	 addi-
tional	processes	susceptible	to	influence	photosynthetic	C	discrim-












































Data	were	 analyzed	 using	 R	 3.1.1	 (R	 Core	 Team,	 2014).	 Leaf	 gas-	










limited	number	of	 replicates	 for	which	 the	 time-	consuming	and	 in	
part	 costly	 measurements	 could	 be	 taken	 and	 the	 large	 variation	
typical	 of	 a	 field	 experiment	 only	 large	 effects	 could	 be	 detected	
with	strict	significance	 levels	of	p	<	0.05.	 In	order	to	avoid	missing	




3.1 | Ecophysiological variables and soil CO2 efflux
CO2	 assimilation	 (AN,	 p	<	0.001,	 Figure	3a),	 stomatal	 conductance	
(gs,	p	<	0.001,	Figure	3b)	and	 transpiration	 (E,	p	<	0.001,	Figure	3c)	





allows	 for	 higher	gs	 along	with	higher	water	 loss	 through	E.	 Thus,	





a	marginally	 positive	 effect	 on	 gs	 (p	=	0.085)	 and	 on	 day	 2,	E	was	
marginally	 lower	 in	 plants	 growing	 in	 monoculture	 than	 in	 those	
growing	in	mixture	(p	=	0.095).




of	 the	phytometer	 species	 in	mixed-	species	 communities	 having	













it	 led	 to	 an	 increase	 in	derived	photosynthetic	C-	isotope	discrimi-
nation	by	a	bit	more	than	1‰	(see	details	in	Supporting	Information	
Appendix	S2).	 Importantly	for	our	experiment,	photosynthetic	dis-






similates	 and	 thus	 allow	 tracing	 C	 in	 the	 plants	 through	 temporal	
changes	in	isotope	values.
Leaf	dark	respiration	(rdark)	of	phytometer	plants	did	not	change	
during	 our	 measurements,	 across	 species	 diversity	 and	 leaf	 tem-
perature	(Figure	3f).	As	expected,	rdark	was	positively	correlated	to	
AN	 over	 the	 whole	measurement	 period	 (R
2	=	0.27,	 p	<	0.001)	 be-
cause	with	more	C	available	more	growth	is	possible	and	thus	higher	
respiration	 results	 from	 increased	 growth	 (Lambers	 et	al.,	 2008).	
Additionally,	after	the	rain,	species	diversity	had	a	significant	effect	
on	leaf	respiration	(p	=	0.0043),	with	highest	respiration	rates	of	the	
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The	 drop	 in	 δ13CRsoil	 occurred	 1	day	 later	 than	 in	 δ
13CRleaf.	 In	








ter	 (δ13Cphloem)	 of	 the	 phytometer	 plants	 to	 species	 diversity	 and	
time	 closely	 matched	 those	 of	 δ13CRleaf	 (correlation	 between	 the	
two	measures	R2	=	0.30,	p	<	0.0001,	 Figure	4b),	 albeit	more	nega-
tive	by	several	per	mil	difference.	In	monoculture,	δ13Cphloem	became	







3.4 | δ18O of leaf water and xylem water
δ18Oleaf-water	of	 the	phytometer	plants	significantly	decreased	over	
time	(p	=	0.028,	Supporting	Information	Figure	S4).	δ18Oleaf-water	was	
positively	 related	 to	WUE	 (R2	=	0.13,	 p	=	0.039).	 Despite	 the	 lack	




diversity	 (p	=	0.039,	 Figure	5b)	with	 phytometer	 plants	 growing	 in	
four-	species	mixtures	showing	an	immediate	decline	after	the	rain,	
while	phytometer	plants	in	two-	species	mixtures	had	increased	val-
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4  | DISCUSSION
Our	results	highlight	an	effect	of	plot	species	richness	on	C	dynam-
ics	 in	 young	 phytometer	 plants	 of	 L. glaber.	 All	 phytometer	 plants	
reacted	to	the	rain	and	the	increased	water	availability	by	increas-
ing	 assimilation	 and	 decreasing	 water-	use	 efficiency.	 However,	





in	plants	growing	 in	monocultures	did	not	appear	 to	translate	 into	
faster	 growth	 (Baruffol,	 2014;	 see	 data	 in	 Supporting	 Information	
Table	S2).
4.1 | Increasing species diversity decreases 
competition for soil water
Slower	C	 transfer	 to	 both	 above-	 and	 belowground	 respiration	 of	
and	near	phytometer	plants	in	monoculture	(Figure	4)	suggests	that	
these	plants	are	more	stressed	than	those	growing	 in	mixed	plots,	
despite	 higher	 CO2	 assimilation	 rate	 (but	 see	 below).	 Indeed,	 the	





et	al.,	2009).	This	 is	also	 in	agreement	with	 the	Münch	hypothesis	
of	phloem	transport	(further	details	about	the	role	of	phloem	trans-
port	 in	 the	 observed	 response	 are	 also	 presented	 in	 Supporting	
Information	Appendix	S3).	The	decline	in	water	availability	increases	
the	 competition	 for	 water	 between	 transpiration	 and	 phloem	
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of	 phytometer	 plants	 in	monoculture	 than	 in	mixed-	species	 plots.	
Increased	WUE	is	usually	observed	in	plants	facing	moderate	water	



















study	 (Trogisch,	 Salmon,	 He,	 Hector,	 &	 Scherer-	Lorenzen,	 2016),	
conducted	 in	 the	 same	 experiment	 with	 another	 set	 of	 species,	
Castanea henryi,	Quercus serrata, Elaeocarpus decipiens	 and	 Schima 
superba,	suggests	that	niche	differentiation	for	water	resources	may	
not	yet	be	established	for	these	young	trees,	our	results	show	that	








4.2 | Effects of species diversity on C balance and 
growth of plants
Higher	 C	 assimilation	 and	 intermediate	 dark	 respiration	 should	
have	 favoured	 the	 growth	 of	 phytometer	 plants	 in	monoculture	
compared	 to	 two-	species	mixture,	where	 plants	 had	 the	 highest	
dark	respiration	and	lower	assimilation.	Phytometer	plants	in	four-	
species	mixture	 having	 intermediate	 assimilation	 and	 the	 lowest	
respiration	were	expected	to	have	intermediate	growth.	However,	
these	 expected	 results	 do	 not	match	 aboveground-	biomass	 data	
(Baruffol,	 2014;	 p.	 84,	 Supporting	 Information	 Table	 S2):	 on	 av-
erage	L. glaber	plants	grew	 largest	 in	two-	species	mixture	 (31.1	g	
per	 individual)	 and	 smallest	 in	 four-	species	mixture	 (19.7	g),	with	
monoculture	plants	being	intermediate	(23.2	g).	To	explain	the	re-






Grotewold,	 &	 Vivanco,	 2003)	 or	 investment	 in	 secondary	 com-
pound	such	as	defense	mechanisms	both	above	and	below	ground.	
The	 latter	 is	 consistent	with	 the	 increased	predation	 and	patho-







The	 absence	 of	 a	 significant	 respiration	 response	 to	 rain	 is	 in	
agreement	 with	 previous	 studies	 because	 leaf	 respiration	 is	 less	
sensitive	to	dry	conditions	than	photosynthesis,	even	under	intense	
stress	 (Schwalm	 et	al.,	 2010).	A	 review	 showed	 that	 respiration	 in	
about	 one-	third	 of	 the	 studied	 species	was	 insensitive	 to	 drought	
while	 the	 other	 two-	third	 showed	 a	 decrease	 in	 respiration	 with	
decreasing	 water	 availability	 (Atkin	 &	 Macherel,	 2009).	 This	 het-
erogeneity	of	respiratory	response	to	water	resources	has	been	ex-
plained	by	the	complex	regulation	between	available	nonstructural	







will	 survive	 and	 compose	 the	mature	 forest	 (Baraloto,	Goldberg,	
&	 Bonal,	 2005).	 A	 better	 understanding	 of	 processes	 regulating	
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